We present a multiwavelength study of the central region of the Carina Nebula, including Trumpler 16 and part of Trumpler 14. Our analysis of the Chandra X-Ray Observatory archival data led to the identification of 454 X-ray sources. These sources were then cross-identified with optical photometric and spectroscopic information available from the literature and with newly obtained near-infrared (JHK s ) imaging observations. A total of 38 known OB stars are found to be X-ray emitters. All the O stars and early-B stars follow the nominal relation between the X-ray and bolometric luminosities, L X $ 10 À7 L bol . A few mid-to late-B stars are found to be associated with X-ray emission, likely attributable to T Tauri companions. We discovered 16 OB star candidates that suffer a large extinction in the optical wave bands. Some 300 sources have the X-ray and infrared characteristics of late-type pre-main-sequence stars. Our sample represents the most comprehensive census of the young stellar population in the Carina Nebula so far and should be useful for the study of the star formation history of this massive starburst region. We also report the finding of a compact (2 0 ; 4 0 ) group of 10 relatively bright X-ray sources, all of which are detected in the near-infrared wavelengths and are highly reddened. The group is spatially coincident with the dark V-shaped dust lane bisecting the Carina Nebula and may be part of an embedded association. The distribution of the young stellar groups surrounding the H ii region associated with Trumpler 16 is consistent with the collect-and-collapse scenario of triggered star formation.
INTRODUCTION
Massive stars have a profound influence on neighboring molecular clouds. The powerful stellar radiation and winds from even a single massive star may sweep away nearby clouds and prevent subsequent star formation. The massive star, on the other hand, may prompt the collapse of a nearby molecular cloud, which otherwise may not contract spontaneously. The Carina Nebula, also known as NGC 3372, is a remarkable star-forming region, where the most massive stars known in the Milky Way Galaxy coexist. The nebula, which occupies approximately a 4 deg 2 area of the sky, contains at least a dozen known star clusters (Feinstein 1995) . The clusters for which photometric and spectroscopic data are available include Bochum (Bo) 10 and 11; Trumpler (Tr) 14, 15, and 16; Collinder (Cr) 228; NGC 3293; and NGC 3324. Among these, Tr 14 and Tr 16, in the central region of the nebula, are the youngest and the most populous star clusters. The reported distance modulus for Tr 16 ranges from 11.8 ( Levato & Malaroda 1981) to 12.55 ( Massey & Johnson 1993, hereafter MJ93) , and for Tr 14, from 12.20 (Feinstein 1983) to 12.99 ( Morrell et al. 1988 ). Walborn (1995) derived a distance of 2.5 kpc for Tr 16 using R ¼ 3:5, where R ¼ A V /E(B À V ) is the ratio of total to selective extinction. Crowther et al. (1995) derived a distance of 2.6 kpc for Tr 14. Walborn (1973) and Morrell et al. (1988) found the two clusters to be at slightly different distances, whereas Turner & Moffat (1980) and MJ93 concluded that the two clusters are at the same distance. A distance of 2.5 kpc is adopted for our study. The Carina Nebula is known to contain the largest number of early-type stars in the Milky Way, with a total of 64 O-type stars (Feinstein 1995) . In particular, Tr 14 and Tr 16 include six exceedingly rare main-sequence O3 stars. The presence of these very massive stars indicates that the two clusters are extremely young. Tr 16 contains a Wolf-Rayet (W-R) star, HD 93162, and is also the host cluster to the famous luminous blue variable ( LBV ) Carinae, which is arguably the most massive star in our Galaxy (MJ93). With such a plethora of unusually massive stars, the Carina Nebula is a unique laboratory to study not only the massive-star formation process, but also the interplay among massive stars, interstellar media, and low-mass star formation.
Of the existing methods to identify young stellar populations, the use of X-ray emission is perhaps the least biased (Feigelson et al. 2002) . Indeed, X-ray surveys have in recent years been very successful in identifying the pre-main-sequence (PMS) population in star-forming regions, from deeply embedded Class I young stellar objects (YSOs), low-mass PMS stars of T Tauri types, and intermediate-mass PMS stars of Herbig Ae/Be types, to zero-age main-sequence stars. For main-sequence stars, from late-A to M dwarfs, X-rays are believed to originate from the hot coronal gas, heated by stellar dynamo magnetic fields (Maggio et al. 1987) . For late-type PMS stars, i.e., classical T Tauri stars (CTTSs) and weak-lined T Tauri stars (WTTSs), the X-ray emission is also attributed to solar-like coronal activity (Feigelson & DeCampli 1981; Walter & Kuhi 1984) , but elevated by a factor of 10-10 4 (Walter & Barry 1991; Feigelson & Montmerle 1999 ). X-ray observations are especially effective in identifying WTTSs, which lack the other signatures of PMS stars, such as infrared excess or strong H emission lines.
For massive O and early B type stars, the most widely accepted X-ray emission model is the wind-shock model (Lucy 1982) , in which the X-rays are produced in shocks arising from hydrodynamical instabilities in the radiatively driven strong stellar winds.
Since the X-ray emission from hot stars is mostly soft and nearly constant, it is attributed to small-scale wind shocks (Lucy & White 1980; Owocki & Cohen 1999) . Recent X-ray observations of some hot stars, however, cannot be explained by the classical wind-shock model. For example, Feigelson et al. (2002) discovered rapid variability in an O9.5 star and several early-B stars in the Trapezium. As another example, Stelzer et al. (2005) found the majority of the O to early-B stars in the Orion Trapezium to show a combination of soft emission, hard-spectrum short-lived flares, and/or rotational modulation. Some of these X-ray properties not typical of hot stars can be attributed to confinement of the wind by a strong magnetic field, resulting in large-scale shocks (Babel & Montmerle 1997; ud-Doula & Owocki 2002; Schulz et al. 2003 ). This scenario is further supported by independent indicators of magnetic fields on hot stars, such as cyclic variability of wind properties (Kaper et al. 1999; de Jong et al. 2001 ) and the existence of nonthermal radio emission (Abbott et al. 1984; Van Loo et al. 2004) .
Three observations of the Carina Nebula have been made by the Chandra X-Ray Observatory in 1999 September, namely, ObsIDs 50, 51, and 1249, placing Carinae at the focus of the I3 chip of the ACIS-I detector. The first two sets of observations, ObsIDs 50 and 1249, were made in the timed exposure mode, whereas the third set, ObsID 51, was made in the continuous clocking mode. Seward et al. (2001) reported the observations of Carinae using two observations (ObsIDs 1249 and 51). Using the single observation ObsID 1249, Evans et al. (2003, hereafter E03) presented the luminosities and hardness ratios of the hot stars in the clusters Tr 16 and Tr 14. The low-resolution spectra of luminous sources were discussed by Evans et al. (2004) . In the present paper, we combined the two Chandra observations of ObsIDs 1249 and 50, which were observed in timed-exposure mode. By merging the two observations, we gained better sensitivity than E03 and detected more than twice the number of sources reported by E03. The Chandra data were complemented by deep NIR (J, H, and K s ) imaging observations, carried out at the Infrared Survey Facility (IRSF) 1.4 m telescope, to better characterize the nature of the stellar X-ray sources. Our analysis resulted in some 38 X-ray-emitting known OB stars and about 300 PMS candidates. Moreover, on the basis of NIR and X-ray properties of the known OB stars in the region, we discovered 16 massive-star candidates. These massive-star candidates probably escaped previous detection because of their large extinction in the optical wavelengths. Our study has produced the most comprehensive young star sample so far of Tr 14 and Tr 16, thus allowing us to delineate the star formation history in this seemingly devastating environment. In particular, we report the discovery of an embedded (A V $ 15 mag) young stellar group, located to the southeast of Tr 16 and sandwiched between two dense molecular clouds. Similar patterns of newly formed stars in relation to clouds seem to encompass the Carina Nebula, a manifestation of triggered star formation via the collect-and-collapse process ( Deharveng et al. 2005) .
The rest of this paper is organized as follows. Section 2 describes the Chandra and the IRSF observations and the data analysis. In x 3, we present the cross-identification of Chandra sources with the optical spectroscopic information available in the literature and with our NIR sample. We discuss the results and implication of our study in x 4 and summarize the results in x 5.
OBSERVATIONS AND DATA REDUCTION

X-Ray Data: Chandra
The Carina Nebula has been observed by the Chandra X-Ray Observatory with the ACISÀI three times. All three observations (ObsID 50, 51, and 1249) were made in 1999 September, shortly after the launch. The observation made in the continuous clocking mode (ObsID 51) does not have the spatial resolution in one dimension and is thus not useful for our work. The other two ACISÀI observations are used in this work, and their parameters are listed in Table 1 .
We began our data analysis with a Level 1 processed event file. Cosmic-ray afterglows, hot pixels, and events with poor grades were filtered out. The filtering process was done using the Chandra Interactive Analysis of Observations (CIAO) package, following the Science Threads from the Chandra X-Ray Center. We further removed the periods with a high background. The total useful exposure time from the two combined observations was 18.1 ks. The charge transfer inefficiency (CTI ) and time-dependent gain corrections were not applied, because the focal plane temperature of these two observations was not the nominal À120 C.
The two observations were merged into one image, and the sources are shown in Figure 1 . The extraction of source counts was carried out for the two observations separately. An energy range of 0.4-6.0 keV was adopted in the analysis to optimize the detection of PMS stars and reduce the number of spurious detections. The CIAO program wavdetect was utilized to detect sources in the merged image. We ran wavelet scales ranging from 1 to 16 pixels in steps of ffiffi ffi 2 p with a source significance threshold of 3 ; 10 À6 . Spurious detections, e.g., in the partial shell of X-ray emission surrounding Carinae (Seward et al. 2001 ) and along the readout trail due to Carinae itself, were identified and removed. At the end, we obtained 454 valid sources. For comparison, the lower spatial resolution XMM-Newton observations of the Carina Nebula detected only 80 X-ray sources for the energy range 0.3-12.0 keV (Albacete Colombo et al. 2003) .
To measure the X-ray counts from each source, we used a circular source region and an annular background region, both centered on the position given by wavdetect. The radius of the source region was R (95% encircled energy [EE]), the radius that encircles 95% of the energy (Feigelson et al. 2002) , and the radii of the background region were 1.2 and 1.5 R (95% EE ). Sources that fell within the background regions were excised. We utilized the CIAO dmextract tool to extract the source and background counts for each of the two observations. The background counts scaled to the source extraction area were subtracted from the source counts. The total counts of each source were then computed by combining the two observations, and the count rates for a total exposure time of 18,120 s were calculated.
The source counts extracted by us from the single observation ID 1249 were generally consistent (within 10%) with those reported by E03 for the same data set, except for a handful of cases. The three largest discrepancies are in the measurement of HD 93129 A /B (O3 I), located near the edge of the Chandra image, HD 93160 (O6.5 V ), and HDE 303311 (O5). There are two possibilities for this discrepancy. First, our energy band, 0.4-6.0 keV, is broader than that of E03, 0.5-2.04 keV, so our measurements of a hard source would appear brighter. Second, we use an annular background aperture around each source, while E03 used two large off-source regions to estimate the background. Our background estimate should thus be more accurate, especially for stars surrounded by diffuse emission. Both HD 93129 A/B and HD 93160 are associated with diffuse emission, and hence the stellar fluxes must have been overestimated by E03. HD 93129 A/B is located near the edge of the ACIS-I image, and the large point-spread function (PSF ) also contributes to the uncertainty in the source count extraction.
Near-Infrared Data: IRSF
We carried out near-infrared imaging observations toward the Carina Nebula using the SIRIUS (Simultaneous InfraRed Imager for Unbiased Survey) camera mounted on the IRSF 1.4 m telescope in Sutherland, South Africa. The SIRIUS camera (Nagayama et al. 2003) is equipped with three HAWAII arrays of 1024 ; 1024 pixels and provides simultaneous observations in the three bands, J (1.25 m), H (1.63 m), and K s (2.14 m), using dichroic mirrors. Each image has a field of view of 7:8 0 ; 7:8 0 with a plate scale of 0.45 00 pixel À1 . In 2003 April, nine pointings were observed, effectively covering 22 0 ; 22 0 , which encompassed the Chandra field. Figure 2 shows the NIR color-composite image of the nebula ($22 0 ; 22 0 ), centered on Carinae. Tr 16 can be The typical seeing during our observations ranged from 1.0 00 to 1.4 00 , and the air mass ranged from 1.2 to 1.5. The standard stars 9144 and 9146 from Persson et al. (1998) were observed for photometric calibration.
We used the NOAO IRAF ( Image Reduction and Analysis Facility) package to reduce the IRSF data. The standard procedures for image reduction were applied, including dark current subtraction, sky subtraction, and flat-field correction. The images in each band were then combined for each pointing to achieve a higher signal-to-noise ratio. We performed photometry on the reduced images using the IRAF DAOPHOT package (Stetson 1987) . Since the field is crowded, we performed PSF photometry in order to avoid source confusion. To construct the PSF for a given image, we chose about 15 bright stars well isolated from neighboring stars and located away from nebulosities or the edges of the image. The task ALLSTAR of DAOPHOT was then used to apply the average PSF of the 15 stars to all the stars in the image. The instrumental magnitude of each star was then derived. The instrumental magnitudes were then calibrated against the standard stars observed on each night.
X-RAY SOURCES AND STELLAR COUNTERPARTS
Optical spectroscopic observations of the stars in Tr 14 and Tr16 have been carried out by several groups, e.g., Walborn (1973 Walborn ( , 1982 , Malaroda (1981), and FitzGerald & Mehta (1987) . The latest work by MJ93 lists the brightest and bluest stars of the two clusters (Table 4 in MJ93), as well as some new spectral types (Table 5 in MJ93). We have used these lists to find X-ray counterparts. With a search radius of 1 00 for sources within a 2 0 off-axis angle, 2 00 for those with a 2 0 -5 0 off-axis angle, and 3 00 for those with an off-axis angle larger than 5 0 , our cross-identification resulted in 30 OB stars as counterparts of our X-ray sources. Apart from MJ93, we also searched for possible counterparts using SIMBAD 1 with the same search radius criteria as above. The reliability of any photometric or spectroscopic information obtained from SIMBAD was confirmed by looking into the original literature. Our search using SIMBAD resulted in additional findings of eight OB stars in the region, for all of which the spectral types were estimated by Tapia et al. (1988) by the photometric Q method (Johnson & Morgan 1953) . A visual inspection of images indicated that none of the known OB stars has more than one X-ray source within the search radius, so the cross-identification should be secure. The average offset between the optical and X-ray positions is $0.7 00 .
We also used our NIR data to search for X-ray counterparts. With the same search radius criteria as described in the previous paragraph, we found NIR counterparts for 425 sources. Thus, 94% of the X-ray sources were found to have NIR counterparts. There are 50 cases where we found multiple (in each case two) NIR counterparts, 33 of which are with off-axis angles smaller than 5 0 . Since the astrometric accuracy of Chandra is sufficiently good for on-axis sources, we considered the closest NIR source to be the counterpart in these cases. A visual inspection of each of these cases also showed that the cross-identification is straightforward. For the remaining 17 cases with off-axis angles larger than 5 0 , it is difficult to ascertain which NIR source is the real counterpart, given the relatively large positional uncertainties of Chandra for off-axis sources. In these cases, we considered the brightest NIR source to be the X-ray counterpart, although this may not be true in all cases.
Among our NIR counterparts of the X-ray sources, for 51 cases out of 425, the NIR photometric errors are larger than 0.1 mag in one or more bands. Most of these large photometric errors are associated with stars around Tr 16, for which the quality of the NIR photometry is compromised because of a large number of bright stars and the nebulosity around Carinae. Since we are using the NIR colors of the sources to diagnose their young stellar nature, an uncertainty larger than 0.1 mag would defeat the purpose. Hence, in our analysis we consider only those cases for which the photometric uncertainties are less than 0.1 mag in all three bands. This leaves us with 374 sources. For our analysis, we have converted the NIR photometry into the California Institute of Technology (CIT ) system using the color transformations between the IRSF and CIT systems as given in Nakajima et al. (2005) . Figure 3 shows the NIR color-color diagram of all the 374 X-ray sources with NIR photometric errors less than 0.1 mag. The solid curve represents the dwarf and giant loci (Bessell & Brett 1988) . The parallel dotted lines represent the reddening vectors, with (Rieke & Lebofsky 1985) . The dashed line indicates the locus for dereddened CTTSs (Meyer et al. 1997) . As can be seen, the NIR colors of the X-ray sources in our sample, in addition to massive stars, show a large population of T Tauri type candidates. The different symbols in the figure indicate the following: (1) X-ray sources crossidentified with the known massive stars of O or B type are shown as filled circles. (2) Some 16 X-ray-bright sources found with NIR (4) All other X-ray sources that do not fall into any of the above categories are shown as dots. Figure 4 shows the NIR colormagnitude diagram of all these sources. The solid line in the figure represents the unreddened main sequence (Koornneef 1983) at 2.5 kpc, and the dashed line shows the reddening vector for A V equal to 10 mag. In the following subsections, we discuss the known OB stars, the candidate OB stars, the CTTS candidates, and the embedded stellar group in detail.
RESULTS AND DISCUSSION
A J /A V ¼ 0:282; A H /A V ¼ 0:272, and A K /A V ¼ 0:112
Known OB Stars
The X-ray sources cross-identified with known OB stars are presented in Table 2 . Columns (1) and (2) give the coordinates of each X-ray source, and column (3) the identifier of its optical counterpart. Columns (4)-(6) list the optical B and V magnitudes and spectral type, in most cases adopted from MJ93 or, otherwise, from Tapia et al. (1988) . Column (7) lists the color excess, E(B À V ), derived by MJ93 from photometric and spectroscopic observations; the latter were used to estimate the intrinsic stellar E(B À V ) 0 (FitzGerald 1970) . Column (8) shows the bolometric magnitude, M bol , taken from Massey et al. (2001) . Note that in a small number of cases for which the spectral types were taken from Tapia et al. (1988) , the color excesses and bolometric magnitudes were estimated using their spectral types. Columns (9)-(11) list the IRSF J, H, and K s magnitudes. Column (12) lists the backgroundsubtracted X-ray counts of the source as derived by the dmextract tool of the CIAO software, described in x 2.1, from which the unabsorbed flux was derived using the WebPIMMS 2 interface. To convert the X-ray count rate to the flux, the Raymond Smith plasma model with a temperature log T ¼ 6:65, equivalent to 0.384 keV, typically found in young associations (E03), was adopted. We found that using a log T between 6.4 and 7.1 would make a difference of a factor of 2 or less in the derived X-ray luminosities. For the extinction correction, the color excess E(B À V ) of each source was used to estimate the absorbing column density, N H , by adopting N H /E(B À V ) ¼ 5:8 ; 10 21 atoms mag À1 cm À2 (Bohlin et al. 1978) . Column (13) gives the unabsorbed X-ray flux, and column (14), the X-ray luminosity, computed by adopting a distance of 2.5 kpc. Column (15) contains the logarithmic ratio of the X-ray luminosity to the stellar bolometric luminosity derived from the bolometric magnitude, i.e., column (8). The last two columns, (16) and (17), list the angular separation (r) between the X-ray source and its optical counterpart, and the off-axis angle ( ) of the X-ray source in the Chandra image, respectively.
All but two O stars from MJ93 were found to be X-ray emitters. The two O stars with no X-ray counterpart, HD 93128 (an O3 V star) and Tr 14-9 (an O8 V star) are both located near the edge in the Chandra image, giving a plausible explanation for their nondetection. HD 93128 was indeed detected in the XMM-Newton data (Albacete Colombo et al. 2003) . Two more O stars, CD 58 3529 (an O6.5 V star) and Tr 16-200 (an O9 V star), which are also near the edge in the Chandra image, were not detected by E03, but were detected in our data. The star CD 58 3529 is very bright, $350 counts in our analysis (see Table 2 ), but E03 derived only an upper limit of $30 counts. Possible reasons for its nondetection by E03 may be its location in the crowded Tr 14 region and association with pronounced diffuse X-ray emission. (Bessell & Brett 1988) , and the classical T Tauri (CTTS) locus is shown as the dashed line (Meyer et al. 1997) . The dotted lines represent the reddening band. The slope of the reddening vector is 1.7. The known OB star with very red color, H À K $ 0:9, is Carinae. 
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log L X (ergs s À1 ) While X-ray emission is detected from every known O star in the Chandra field ( barring the two stars on the edge), only 4 out of 38 (or about 10%) of the B stars (early B) from MJ93 are detected with X-ray emission. For most of these nondetected early-B stars, the upper limits are lower than the X-ray luminosities of detected known OB stars, implying that these B stars have weaker X-ray emission. In our data, however, there are three B3-type, three B5-type, and one B7-type star found associated with X-ray emission. Mid-to late-B stars are supposed to be X-ray-quiet, as they have neither strong enough stellar winds, as in the case of O or early-B stars, nor convective zones to power the chromospheric /coronal activities, as in the case of late-type stars. However, mid-to late-B stars have been found to be X-ray emitters in earlier studies, e.g., by Cohen et al. (1997) . The X-ray luminosities of the mid-to late-B stars in our sample range from 10 30 to 10 31 ergs s À1 , comparable to those of the T Tauri candidates in the same sample, providing circumstantial evidence for T Tauri or Herbig Ae/Be companions to account for the X-ray emission. Nonetheless, the possibility of a so far unknown emission mechanism intrinsic to mid-to late-B stars cannot be ruled out. Figure 5 shows the distribution of the X-ray luminosities of the detected known OB stars (unshaded histogram) in our field. The X-ray luminosities of the known OB stars range from $10 30 to 10 34 ergs s À1 , with the W-R star ( HD 93162) being the brightest X-ray source in the sample, with log L X ¼ 34:12 ergs s À1 . This star is known to be unusually bright in X-rays compared to other W-R stars in the region ( E03). Strong X-ray emission may be produced by the colliding stellar winds between binary components of massive stars. Although HD 93162 has been thought to be a single star, a recent W-R catalog by van der Hucht (2001) suggested that it might be a binary on the basis of diluted emission lines (see the discussion in E03).
The X-ray luminosities of OB stars are known to be related to the stellar bolometric luminosities, namely, L X / 10 À7 L bol (Chlebowski et al. 1989; Kudritzki et al. 1996) . This linear scaling of L X with L bol can be explained by the wind-shock X-ray emission model in hot stars (Owocki & Cohen 1999) . In our sample, most stars have log (L X /L bol ) between À6 and À7 (Fig. 6) . In the figure the outliers are labeled by their spectral types. The star Carinae has log (L X /L bol ) ¼ À7:5. The spectra of this peculiar star have been discussed by several groups, e.g., (Seward et al. 2001 ; see Fig. 1 ). At energies lower than 1 keV only the ring can be seen, whereas the central source has emission at energies even higher than 7 keV. The central source therefore has a hard X-ray spectrum and is strongly absorbed, whereas the shell has soft emission (Seward et al. 2001) . The X-ray luminosity of the central source before absorption by the surrounding material and interstellar medium was estimated to be log L X $ 34:7 ergs s À1 by Seward et al. (2001) in the energy range 0.2-10 keV, whereas our measurement of the central source is log L X $ 32:7 ergs s À1 in the 0.4-6.0 keV energy range (see Table 2 ). The XMM-Newton observations also found a hard X-ray core and a nonuniform elliptical shell with soft emission (Albacete Colombo et al. 2003; see their Fig. 6 ). They measured the X-ray luminosity to be log L X $ 36 ergs s À1 in the range 0.3-12 keV (Albacete Colombo et al. 2003 ; their source 50), which also includes soft emission from the shell, unlike the Chandra X-ray luminosity by Seward et al. (2001) , which measures only the hardspectrum core. Along with Carinae, the W-R star HD 93162 and an O8.5 V star, Tr 16-22, also deviate from the mean L X /L bol value found for our sample of known OB stars. These stars show high L X /L bol values, with log (L X /L bol ) ¼ À5:39 and À5.32, respectively. Along with the W-R star HD 93162, Tr 16-22 is also among the brightest X-ray sources, with log L X ¼ 32:83 ergs s À1 , brighter by a factor of 5-20 compared to other O8.5 V stars and even brighter than two of the five O3 stars in our sample. HD 93162 and Tr 16-22 are among the hardest X-ray sources in the sample of known OB stars (E03) and also among the brightest XMM-Newton sources (Albacete Colombo et al. 2003) , with log L X ¼ 34:26 and 33.30 ergs s À1 , respectively. The XMM-Newton observations include harder X-ray emission (0.3-12 keV) than in our Chandra data, so the higher XMM-Newton luminosities indicate that HD 93162 and Tr 16-22 indeed have hard X-ray spectra, indicating the existence of colliding stellar winds (Corcoran 2003) . The other X-ray sources that do not satisfy the L X /L bol relation are mid-B or late-B stars. A study by Berghöfer et al. (1997) about the X-ray properties of OB stars using the Röntgensatellit (ROSAT ) database showed that the L X /L bol relation extends to as late as the spectral type B1.5. In our sample, there are three B3 stars that seem to satisfy this relation, and all the stars later than B3 deviate significantly from the mean value of L X /L bol for O and early-B stars. Some recent studies, e.g., Stelzer et al. (2005) and Townsley et al. (2006) have found, however, several cases where L X /L bol is different from 10 À7 . Stelzer et al. (2005) found that out of nine O to early-B (up to B4) stars in the Orion Trapezium, about half show log (L X /L bol ) between À6 and À7, with the total range of the sample being À5 to À8.
We checked for variability in the X-ray brightness of known OB stars using the counts from the two observations (ObsIDs 50 and 1249). To determine whether a source is variable or not, we computed the mean percentage variation between the count rates of the sources detected from the two observations, ObsIDs 1249 and 50. We defined this mean percentage variation as a measure of the systematic fluctuation, , and compared the difference in the count rates of each X-ray source between the two events files (ObsID 1249 and 50) with respect to . A difference larger than 3 was considered an X-ray variable. None of the bright X-ray sources (i.e., with counts greater than 100 in at least one of the two observations) are variable. Among the fainter sources (with counts $15-30 in at least one observation), there are four that showed larger than 3 variations, namely, Tr 14-18 (B0 V type), Tr 16-11 (B1.5 type), CPD À59 2616 ( B3 type), and Tr 16-200 (O9 V type). The color excesses of these sources E(B À V ) range from 0.43 to 0.60, close to the mean value of E(B À V ) ¼ 0:52 for the known OB stars. The hardness ratios of these faint sources are in general too uncertain to see whether the X-ray variables have different hardness ratios compared to other sources that appear to have steady X-ray emission. Albacete Colombo et al. (2003) carried out a time variability study of the X-ray sources with the XMM-Newton data. They found seven sources to be variable, of which only one is an O-type star (HD 93205, spectral type O3 V), which is also a known binary (E03). In our analysis, however, this star did not appear to be varying. It is interesting to note that, while a few B stars with low counts (a few to a few tens) seem to vary-we will not discuss them further because the count statistics are too poor to decide whether they are truly variable-none of the O stars (except for the O9 star Tr 16-200 discussed above), even those with poor counts, vary by more than 3 between the two observations.
Candidate OB Stars
There are 16 anonymous stars in our sample that have NIR and X-ray properties similar to those of the known OB stars in the region. On the basis of their NIR colors and brightness (K s < 12 mag), these stars appear to be massive stars of O or B type, but we could not find their spectral type information in the literature (e.g., in MJ93 or SIMBAD). The optical and NIR magnitudes of these candidate OB stars, along with their X-ray counts, X-ray flux, and X-ray luminosities, are listed in Table 3 . To determine their X-ray fluxes from the counts, we used WebPIMMS. For the extinction correction, we used an average E(B À V ) ¼ 0:52 ( MJ93), as we did not have the spectral class information to determine their individual color excesses. Other parameters used to convert to X-ray fluxes from the X-ray counts remained the same as for the known OB stars. For the known OB stars, for which we used individual E(B À V ) values for the extinction correction, using an average E(B À V ) would make a difference of a factor of 2 or less in the derived X-ray luminosities.
As can be seen in Figure 3 , the candidate OB stars (diamonds) are either as red as or redder than the known OB stars. Their NIR brightness is similar to the known OB stars, with two even brighter than K s ¼ 8 mag (see Fig. 4 ). In the optical wavelengths, these candidate OB stars are fainter and redder than the known OB stars (Fig. 7) -indicative of significant dust extinction-while both samples show a comparable range of X-ray luminosities (see Fig. 5 ). Thus, from the NIR and X-ray properties, it appears that these stars have escaped earlier optical spectroscopic studies because of their large optical extinction. The addition of these massive stars expands substantially the list of known luminous stars and hence contributes significantly to the stellar energy budget of the region.
PMS Candidates
Although much work has been done on the massive stellar contents in Tr 14 and Tr 16, the T Tauri population in the region has not been well studied. Tapia et al. (2003) presented UBVRIJHK photometry of Tr 14 and Tr 16, noting that some stars have NIR excesses, and estimated the age of these two clusters to be 1-6 Myr. By using the criteria of NIR colors given by Meyer et al. (1997) , we identified about 180 X-ray stars as CTTS candidates. The NIR colors also suggest quite a number of possible WTTS candidates.
Hence, in addition to massive stars, the X-ray and NIR data together reveal a large population of low-mass PMS candidates. The distribution of X-ray luminosities of the CTTS candidates is shown in Figure 8 . In comparison with Figure 5 , one can see that the X-ray luminosities of the T Tauri candidates are on average lower than those of massive stars. This is consistent with the notion that latetype stars have weaker X-ray emission. To the best of our knowledge, our sample represents the most comprehensive sample so far of the young stellar population in Tr 14 and Tr 16. A detailed analysis of this sample will be presented elsewhere.
A Compact Embedded X-Ray Stellar Group
Megeath et al. (1996) found a deeply embedded IRAS object, IRAS 10430À5931, associated with a bright-rimmed globule with a mass of $67 M , located to the south of Tr 16. They also found several sources with NIR excesses around this IRAS object, providing the first indication of ongoing star-forming activity in the Carina region. Later, a mid-infrared study by Smith et al. (2000) discovered several clumps along the edge of the dark cloud east of Carinae, including a clump associated with IRAS 10430À5931. They noted that each of these clumps is a potential site for triggered star formation, judging from their peripheral locations behind the ionization fronts relative to the nebula.
We found a group of 10 X-ray sources concentrated in a field of 2 0 ; 4 0 , spatially close ($4 0 ) to IRAS 10430 and coincident with a prominent dark V-shaped dust lane bisecting the Carina Nebula. Adopting a distance of 2.5 kpc, the physical size of this star group is about 2 pc. Each of these 10 sources has an NIR counterpart, which is listed in Table 4 with its X-ray coordinates, J, H, and K s magnitudes, X-ray counts, and A V . We use the star identification number in column (1) of Table 4 in further discussion. Stars in this group are bright (two of them are OB star candidates) and suffer a large amount of reddening, as seen in the NIR color-color and color-magnitude diagrams (Figs. 3 and 4, triangles) . The brightest sources (stars 5, 7, and 8) in NIR, with K s $ 8:5-10.5 mag, are also relatively bright in X-rays, with L X $ 10 32 ergs s À1 . Star 5 is a known O4 star (Smith 1987) . Our NIR magnitudes for this star match those reported by Smith (1987) . Except for star 5, we could not find any optical photometric or spectroscopic information in the literature for the other sources. The bright NIR and X-ray stars 5, 7, and 8 are visible in the DSS ( Digitized Sky Survey) image, whereas the other sources, most of which show a large extinction in NIR, are indeed not discernible at all in the DSS image. Figure 9 shows the IRSF K s image with the sources marked. Stars 1, 6, 9, and 10 are peculiar because they are highly extincted (A V $ 10-15 mag, as estimated from their NIR colors), yet are X-ray-bright with L X $ 10 33 ergs s À1 . What could be the nature of these sources? Their NIR fluxes and colors, along with their nondetection in the DSS image, imply that they could be reddened T Tauri or Class I objects. However, their X-ray luminosities are much higher than observed in typical T Tauri stars (<10 32 ergs s À1 ). One possibility is that they are heavily embedded massive stars. The rest of the sources in the group, stars 2, 3, and 4, are relatively faint in both NIR and X-rays, and thus appear to be reddened T Tauri stars. Figure 10 shows all 454 X-ray sources overlaid on the mosaic K s image centered around Carinae, with the contours showing 12 CO(1-0) emission (Brooks et al. 1998 ). The group of young stars discussed above (crosses) is seen in the bottom left, sandwiched between two clouds. The known OB stars are marked by boxes, whereas the candidate OB stars are indicated by diamonds, and all other X-ray sources are indicated by circles. One sees immediately the general paucity of young stars with respect to molecular clouds. Tr 16 itself (seen near the center in the figure) is also sandwiched between the northwest and southeast cloud complexes. Likewise, all the X-ray sources (i.e., young stars) associated with these clouds in turn are seen either intervening between clouds or situated near the cloud surfaces facing Tr 16. The morphology of young stellar groups and molecular clouds peripheral to an H ii region (i.e., Tr 16 here) fits closely the description of the collect-and-collapse mechanism for massivestar formation first proposed by Elmegreen & Lada (1977) and recently demonstrated observationally by Deharveng et al. (2005) and Zavagno et al. (2006) . The expanding ionization fronts from an H ii region compress the outer layer of a nearby cloud so that the gas and dust accumulate until the critical density is reached for gravitational collapse to form next-generation stars, subsequently casting out their own cavities. This collect-collapse-clear process may continue as long as massive stars are produced in the sequence and there is sufficient cloud material in the vicinity.
The X-Ray Luminosity Function of Tr 16
Feigelson & Getman (2005) pointed out that the X-ray luminosity functions ( XLFs) of young stellar clusters show two remarkable characteristics. First, the shapes of the XLFs of dif-ferent young stellar clusters are very similar to each other once the tail of the high-luminosity O stars ( log L X > 31:5 ergs s À1 ) is omitted. Second, the shape of this ''universal'' XLF in the 0.5-8.0 keV energy range resembles a lognormal distribution with a mean log L X % 29:5 ergs s À1 and a standard deviation (log L X ) % 0:9 (see Fig. 2 in . The Chandra observations used in this work include only part of Tr 14. For Tr 16, we estimate its total stellar population in reference to the XLF of the Orion Nebula cluster (ONC ) derived from the Chandra Orion Ultradeep Project . The limiting X-ray luminosity of our sample is L X $ 30:5 ergs s À1 . Excluding the high X-ray luminosity tail, i.e., L X > 31:5 ergs s À1 , which includes about 30 X-ray sources, the slope of the Tr 16 XLF is consistent with that of the ONC in the X-ray luminosity range of our sample ( Fig. 11 ). This suggests that our sample represents only the brightest 20% of the X-ray PMS population in the cluster. We hence estimate the total stellar population of Tr 16 to be 1000-1300. Furthermore, the X-ray luminosities are known to be correlated with stellar masses, as found in the ROSAT studies of the Chamaeleon star-forming cloud (Feigelson et al. 1993 ) and also in the Chandra studies of the ONC (Flaccomio et al. 2003; Preibisch et al. 2005) . Comparing the XLF of Tr 16 with the ONC XLF versus stellar mass ( Fig. 5 in , we infer that our sample is about 60% complete for stars with masses greater than 1 M and 40% complete between 0.3 and 1 M . Our deep NIR data covering clusters Tr 14, Tr 16, and Cr 232 probe an even lower mass limit of the stellar population. The analysis of the complete NIR results will be presented elsewhere.
SUMMARY
We detected 454 X-ray sources in the Chandra data of the Carina Nebula observed in 1999 September, of which 94% have counterparts in our NIR observations. A total of 38 known OB stars are found to be X-ray emitters. Their X-ray luminosities range from log L X $ 30:5 to 33.4 ergs s À1 , with the Wolf-Rayet star HD 93162 being the strongest, at log L X ¼ 34:12 ergs s À1 . HD 93162 also has a very high X-ray-tobolometric luminosity, with L X /L bol $ À5:39. The only other early-type star with a high L X /L bol is the O8.5 V type star Tr 16-22. Both HD 93162 and Tr 16-22 have hard X-ray spectra, suggesting the presence of colliding stellar winds. All other O and early-B (up to B3 type) stars follow the canonical relation, L X $ (10 À6 10 À7 )L bol . Several mid-to late-B stars have X-ray luminosities comparable to those typical for T Tauri stars. Hence, it is possible that the X-ray emission from these midand late-B stars originates from low-mass companions. We discovered 16 candidate OB stars that escaped detection in previous optical studies because of their large extinction. These candidate OB stars have the same characteristics as known OB stars in terms of X-ray luminosities and NIR fluxes and colors. If most of them turn out to be bona fide OB stars, this $50% increase from the number of known OB stars would add significantly to the stellar energy budget of the region. The NIR colors of the counterparts suggest the existence of a large population of low-mass PMS stars of CTTS or WTTS type. Some 180 CTTS candidates are identified, with X-ray luminosities ranging between 10 30 and 10 32 ergs s À1 , lower than those for OB stars. A compact group of highly reddened sources, clearly detected in the X-rays and NIR, is found to the southeast of Tr 16. This group is spatially close to an IRAS source and coincident with the dust lane where many mid-IR sources have been identified, which is suggestive of ongoing star formation. This star group is sandwiched between two peaks of 12 CO(1-0) emission. Such star-cloud morphology is also seen on the periphery of the H ii complex in Tr 16. All this suggests a collect-and-collapse process for triggered star formation. A comparison of the X-ray luminosity function of Tr 16-which is about 60% complete for stars with masses of 1-3 M and 40% complete for 0.3-1 M -with that of typical young star clusters suggests a total stellar population of $1000-1300 in Tr 16.
